Pulsed sieve-plate extraction column is the very important equipment in nuclear spent fuel reprocessing. Study of the mass transfer characteristics in the extraction column under different operating conditions is beneficial to the optimization and scale-up of the columns. The experiments were carried out in the system of 30% tributyl phosphate (TBP) in kerosene-nitric acid-deionized water in the standard pulsed sieve-plate column. The axial dispersion model (ADM) coupled with the steady-state concentration profiles was used to calculate the overall volumetric mass transfer coefficient K ox a. The influence of the continuous and dispersed phase superficial velocities, pulse intensity and flow rate on the K ox a had been analyzed. It shows that with the increase of the continuous and dispersed phase superficial velocities and flow ratio, K ox a increases first and then decreases; but it increases when the pulse intensity increases. Finally, an empirical correlation had been concluded to predict the mass transfer performance in the extraction column.
Introduction
With the development of the nuclear power industry, nuclear reprocessing has been playing an increasing role in the nuclear fuel cycle. For the time being, there are many processes which have been proposed in nuclear reprocessing. PUREX (Plutonium Uranium Reduction Extraction) is one of the most well-known aqueous processes in nuclear industry. So nowadays, pulsed sieve-plate columns based on PUREX have been widely used to extract some useful nuclides from spent nuclear fuel, e.g. uranium and plutonium.
Pulsed sieve-plate column provides high energy to break droplets which assists to attain large interfacial area to increase the mass transfer efficiency [1] . Due to the separation from the working zone with highly radioactive waste, the pulse generator is easily maintained. Therefore, pulsed sieve-plate column has a clearer advantage than other extraction columns for having no internal moving parts. Pulsed sieve-plate column provides more uniform distribution phases across the column cross section with less tendency toward flow channeling which causes the easier scale-up as compared to columns with rotatory agitators [1, 2] . On account of these advantages, pulsed sieve-plate columns develop a good extension in nuclear reprocessing plant.
Due to the complex behavior of the hydrodynamics and mass transfer performance, the research concerning the design and scale-up of extraction columns is still far from satisfactory, although a great deal of experimental efforts has been expended [3] . The introduction of the mechanical agitator or pulsation in extraction equipment often enhances the interface turbulence and generates a large interfacial area per unit volume of the fluid mixture. Consequently, it increases axial mixing in the phases and lowers the driving force available for the mass transfer [4] . The plug-flow computational model without taking account of the axial mixing leads to an overestimation of the true value. It has been reported that axial mixing can decrease the mass transfer efficiency as much as 30% [5] . Thus, an axial dispersion model which has been verified well [6, 7] was adopted to consider the deviation from the ideal plug-flow situation. The axial dispersion model coupled with steady-state concentration profile method was used to evaluate the overall volumetric mass transfer coefficient, and the dispersed phase holdup was measured by the volumetric replacement method [8] . 
Nomenclature

Apparatus
The experiment was carried out in a 38 mm inner diameter extraction column with the total height of 2324 mm. Along the column, 30 sieve-plates were fixed on a vertical central rod, the free cross-sectional area fraction of each plate was 23%, the thickness of plate was 0.8 mm, and plate spacing was 50 mm. Each phase was fed by a peristaltic pump, and the phase superficial velocity was measured according to the linear correlation based on the pump rotating speed. The two phases flowed countercurrently through the column, while the pulse generator was operated for the phases stirring through an electronic motor. The schematic diagram of the experimental apparatus is shown in Fig 1 . In order to get the samples of the two phases in the operating state, eight pair of sampling needles was inserted through the rubber stopper along the column. To sample the pure continuous phase, a small flared sleeve filled with hydrophilic polypropylene non-woven fabric was set at the end of a stainless needle which was inserted into the centre of the column just above the sieve plate facing up [7] . Similarly, a small flared sleeve filled with hydrophobic polypropylene fibre was set at the end of a stainless needle which was inserted just below the plate facing downwards. Through the sampling needles which had been modified, the pure samples of two phases could be taken simultaneously.
System
The system used in this experiment was 30% tributyl phosphate (TBP) in kerosene-nitric aciddeionized water. HNO 3 solution was the solute, and the concentration was 3.00 0.02 mol/L. The direction of mass transfer was from continuous phase to dispersed phase while 30% TBP in kerosene was used as the dispersed phase. The TBP and HNO 3 were all analytically pure. The physical properties of these chemical substances are listed in Table 1 . The equilibrium concentration relation of HNO 3 in two phases at the room temperature was illustrated in Fig 2, The operating variables systematically investigated in this experiment were continuous and dispersed phase superficial velocities, pulse intensity, and flow ratio. The range of variables investigated is shown in Table 2 . In each run, when the volume of the raffinate was about five or six times than that of the column and the HNO 3 concentration of the continuous phase remained constant, the steady-state of mass transfer was achieved [9] . The volume of the samples withdrawing from every sampling point was 0.5 to 1ml, which had little effect on the flow condition in the column. The concentration of all the samples was determined by an automatic titrator immediately after each experiment.
Mathematic modeling and algorithm
The axial dispersion model is a modification of the plug flow model without considering the unfavourable effect of the axial mixing. The axial dispersion coefficient is a key parameter which quantifies the deviation from ideal plug flow. The factors introducing to the axial mixing are the presence of circulatory flow, molecular diffusion, small eddies and channelling [1] . The seven assumptions below should be considered in the analysis of the mass transfer process based on the axial diffusion model [10] . The continuous and dispersed phase superficial velocities do not change with the height. The continuous and dispersed phases are immiscible (or their solubility does not vary with solute concentration and height). The mean velocity and concentration of each phase can be regard as identical at the same column cross section. The effect of the sampler needle on the phases flow is little and can be neglected. The distribution coefficient is constant, not a function of concentration. The product of the mass transfer coefficient and interfacial area per unit volume is constant throughout the column. The gradients of solute concentration in each phase are continuous. where Pe x = , Pe y = , Z=h/H, .
The inlet and outlet concentrations can be determined; therefore the boundary conditions are set below: To solve the Eqs. (2) and (3), the forth order explicit Runge-Kutta method was applied to achieve the analytic solutions. Then the fminsearch iteration coupled with the measured solute concentration profiles was adopted to optimise the Pe x , Pe y and N ox through the Matlab software. When the N ox was achieved, the K ox a can be calculated from the formula 4 below. (4) 3. Results and discussion
Effect of the continuous phase superficial velocity on K ox a
The influence of the continuous phase superficial velocity (u x ) on K ox a is illustrated when u y and pulse intensity were kept constant. It has been observed that K ox a increases with the increase of u x until it reaches a maximum value. At first, the increase of u x makes the dispersed phase droplets distribute in continuous phase uniformly, therefore the continuous phase axial mixing decreases and mass transfer efficiency increases. When it reaches the maximum, the faster the continuous phase superficial velocity, the shorter the phases contact. And the aggravation of the turbulence induced by the higher continuous phase superficial velocity introduces a tendency of the increase of the continuous phase axial mixing, so the overall volumetric mass transfer coefficient decreases step by step. 
Effect of the dispersed phase superficial velocity on K ox a
As the continuous phase superficial velocity and pulse intensity are constant, K ox a increases with the increase of the dispersed phase superficial velocity (u y ) firstly, and then decreases, as shown in Fig 5. Generally, axial mixing of the continuous phase decreases with the increase of u y [8] . The increase of dispersed phase superficial velocity causes an increase in dispersed phase holdup, resulting in the rise of mass transfer interfacial area and driving force among the phases. The increasing of the dispersed phase superficial velocity will lead to a higher dispersed phase holdup, the dispersed phase produces large droplets. As a result, the overall volumetric mass transfer coefficient decreases gradually with the decrease of the specific surface between the two phases.
Effect of the pulse intensity on K ox a
The effect of the pulse amplitude and frequency on K ox a can be seen as a unity of their product, i.e. the pulse intensity (A ). Illustrated in Fig 6, with the increase of the pulse intensity, the K ox a increases incipiently slowly, and then rapidly. Ebrahimi et al. [11] and Torab-Mostaedi and Safdari [12] has reported that the mass transfer performance increases with an increase of pulse intensity. The increase of pulse intensity can improve the mass transfer driving force greatly, and the specific surface area will increase with the decrease of the dispersed phase droplet diameter caused by the pulse effect. Therefore, K ox a increases. However, it should be note that higher pulse intensity will aggravate the axial mixing, leading to the decline of the mass transfer efficiency [13] . 
Effect of the flow ratio on K ox a
The flow ratio (L) has an important impact on the mass transfer characteristics. The overall volumetric mass transfer coefficient has been researched when the continuous phase superficial velocity and pulse intensity are constant. As shown in Fig 7, the overall volumetric mass transfer coefficient has a tendency to rise with the increase of the flow ratio firstly, and then reduces. The dispersed phase holdup and special superficial area increase simultaneously as the flow ratio increases, while decrease after the maximum. The increase of the special superficial area will improve the volumetric mass transfer coefficient. Hence the K ox a first increases and then decreases following with the change of the special superficial area.
The empirical correlation of K ox a
The experiments were carried out under different operating conditions. In the discussions above, K ox a varies with these three variables, i.e. the continuous and dispersed phase superficial velocities and pulse intensity. According to the empirical correlation proposed by Eguchi. K [14] , K ox a can be predicted by the equation as follow: The calculated values of K ox a from the Eq. (5) were compared with the experimental data as shown in Fig 8 with a maximum deviation of 35% which was practically acceptable. 
Conclusions
A study of the mass transfer performance in the standard pulsed sieve-plate column was presented in this paper. The axial dispersion model coupled with the steady-state concentration profiles was applied to evaluate the actual flow characteristics well. From the experiments, it can be concluded that the overall volumetric mass transfer coefficient increases with the continuous and dispersed phase superficial velocities and flow ratio firstly, and then decreases; but it increases with the increase of the pulse intensity under the specific column dimensions and material system. An empirical correlation was proposed to predict the K ox a which was in good agreement with the experimental values.
Further experimental efforts should be focused on different systems so as to predict the performance the design and scale-up of the pulsed sieve-plate column more accurately. 
